SEXUALLY reproducing organisms undergo meiosis to produce haploid gametes from diploid progenitor cells ([@bib82]; [@bib101]). This reduction in ploidy is achieved through the segregation of homologous chromosomes at the first meiotic division (MI). Accurate homolog segregation is facilitated by crossovers that establish physical connections between homolog pairs and provide tension necessary for generation of the bipolar spindle ([@bib78]). Meiotic crossing over is highly regulated to ensure at least one crossover per homolog pair (crossover assurance) despite limited number of crossovers per meiosis ([@bib9]; [@bib86]).

Although crossovers are thought to be essential for accurate meiotic chromosome segregation, population genetic studies in humans suggest that there is considerable variation in crossover frequencies between populations, sexes, and individuals ([@bib17]; [@bib18]; [@bib29]; [@bib52]; [@bib53]). Analysis of meiotic crossovers in single sperm cells using whole-genome sequencing reinforces the fact that within individuals, crossover numbers per meiosis vary widely ([@bib60]). The average number of crossovers per sperm was observed to be 26, but with a large variation from 17 to 35 crossovers per sperm ([@bib60]). Although a lower frequency of crossovers increases the chances of aneuploidy in sperm, studies in *Saccharomyces cerevisiae*, *Drosophila*, and humans have shown that nonexchange chromosomes can undergo accurate segregation frequently ([@bib22]; [@bib63]; [@bib36]; [@bib26]; [@bib44]; [@bib46]; [@bib16]; [@bib29]; [@bib33]; [@bib69]). Identification of genetic variants associated with such variation in crossover frequencies is of considerable interest.

Meiotic crossovers are initiated by the programmed introduction of DNA double-strand breaks (DSBs) ([@bib45]). Repair of meiotic DSBs results in the formation of crossover as well as noncrossover products through distinct pathways ([@bib3]; [@bib41]). In *S. cerevisiae* and mammals, a majority of the crossovers are formed through a pathway mediated by the MutS mismatch repair homologs [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891), [Msh5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313), and MutL mismatch repair homologs [Mlh1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004777), [Mlh3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006085) ([@bib85]; [@bib40]; [@bib7]; [@bib8]; [@bib25]; [@bib28]; [@bib98]; [@bib50]; [@bib72]; [@bib59]; [@bib87]; [@bib6]; [@bib37]; [@bib51]; [@bib61]; [@bib20]). The [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 proteins are part of an ensemble of proteins called the ZMM complex that stabilizes single end invasion intermediates generated during invasion of an intact homolog by a resected DSB end ([@bib19]; [@bib2]; [@bib11]; [@bib95]; [@bib88]). The [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 complex also binds and stabilizes double Holliday junctions and promotes their resolution into crossover products in association with other repair factors that include [Mlh1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004777)/3, [Exo1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000005559), and [Sgs1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004802) ([@bib11]; [@bib90]; [@bib70]; [@bib91]; [@bib99]; [@bib24]; [@bib100]).

Recent human studies have implicated polymorphisms in *ZMM* genes such as *RNF212* (putative *S. cerevisiae [ZIP3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004386)* ortholog) and *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* with genome-wide crossover frequency variation ([@bib53]). Similar observations have been made in *S. cerevisiae*, where a series of *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* hypomorphic alleles that showed up to twofold reduction in crossovers at specific loci on chromosomes VII, VIII, and XV with high spore viability were identified ([@bib71]). The high spore viability observed in *S. cerevisiae [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* hypomorphs and in other mutants like *[mlh3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006085)Δ [mms4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000302)Δ* ([@bib13]) provide further evidence that a reduction in crossovers is not directly correlated with nondisjunction. In this study we use the *S. cerevisiae [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph as a tool to study how variation in crossover frequencies is buffered by the cell to ensure chromosome segregation. The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph is predicted to be defective in ATP hydrolysis by the [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 complex ([@bib47]; [@bib71]; [@bib80]). *S. cerevisiae*, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆*, and *[msh5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313)∆* mutants have ∼2.5-fold reduction in crossing over and ∼60% reduction in meiotic viability, and nonexchange chromosomes are observed in the viable spores ([@bib85]; [@bib40]; [@bib72]; [@bib6]; [@bib15]; [@bib74]). Comparison of spore viability and genetic map distances for wild type (97%, 96 cM), *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (90%, 56 cM), and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (36%, 39 cM) showed that the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* hypomorph has high spore viability despite up to a twofold decrease in crossing over on specific genetic intervals on chromosome XV ([@bib6]; [@bib71]). Two mutually exclusive possibilities can explain this phenomenon. Either *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* hypomorphs continue to ensure one crossover per homolog pair (crossover assurance) or they segregate nonexchange chromosomes efficiently. To distinguish between these two mechanisms, we sought to examine genome-wide crossover distribution in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph.

In whole-genome studies, segregation of single nucleotide polymorphisms (SNPs) in crosses of yeast strains are used to track recombination events ([@bib15]; [@bib62]; [@bib79]; [@bib4]; [@bib65]; [@bib74]). We made high-resolution genome-wide recombination maps in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph using an S288c/YJM789 hybrid strain. The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph showed on average ∼30% genome-wide reduction in crossover numbers and reduced interference compared to wild type. Although the reduction in crossovers was modest, 42% of the four viable spore meiotic events were observed to have one, or more than one, nonexchange chromosome in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. Combined loss of crossovers and interference therefore compromise the obligate crossover in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*. These results, along with modeling of crossover distribution patterns in wild type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants, support a mechanistic role for interference in crossover assurance. Despite the large number of meioses with nonexchange chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, analysis of spore viability patterns suggests efficient segregation of natural nonexchange chromosomes in *S. cerevisiae*.

Materials and Methods {#s1}
=====================

Media and strains {#s2}
-----------------

*S. cerevisiae* S288c and YJM789 yeast strains were grown on either yeast extract--peptone--dextrose (YPD) or synthetic complete medium at 30° ([@bib67]; [@bib83]; [@bib66]). All strains constructed in this study were derived by transformation of S288c and YJM789 *S. cerevisiae* strains with integration plasmids using standard techniques ([@bib32]). When required, the drugs geneticin (Invitrogen), nourseothricin (Werner BioAgents, Germany), and hygromycin (Sigma) were added to the media at prescribed concentrations ([@bib34]). Strains are listed in [Supporting Information](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/172320SI.pdf), [Table S1](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS1.pdf). Sporulation medium was prepared as described in [@bib6].

Tetrad analysis {#s3}
---------------

The haploid strains were patched together on synthetic complete medium and incubated for 4 hr. The resulting diploids were sporulated using standard zero-growth-mating protocol ([@bib5]). After 48 hr in sporulation medium, tetrads were dissected on synthetic complete medium using a Zeiss dissection microscope.

DNA extraction and whole-genome sequencing of meiotic spores {#s4}
------------------------------------------------------------

Spore colonies from tetrads were independently cultured overnight at 30° in 4 ml of YPD liquid medium. DNA was extracted from each culture using the PrepEase DNA isolation kit from Affymetrix following the manufacturer's protocol. Genomic DNA fragmentation and library preparation were performed as described previously ([@bib96]). Briefly, 2 μg of genomic DNA was sheared using a Bandelin Sonorex RX 102 sonicating water bath to obtain DNA fragments of 250--500 bp. End repair, dA-tailing, and ligation were done as per the Illumina library preparation protocol with heat inactivation instead of column/magnetic bead- based cleanups. The multiplexed libraries were amplified and size selected for 350---400 bp using Invitrogen E-Gel (SizeSelect 2%). The size-selected DNA was sequenced (100PE) on Illumina HiSeq 2000 machines at the EMBL Genomics Core Facilities (GeneCore), Heidelberg, Germany. The raw reads obtained were demultiplexed using the FASTX-toolkit (<https://github.com/agordon/fastx_toolkit>). Demultiplexed reads were processed for quality control (QC) using the NGS QC Toolkit ([@bib77]). These QC-filtered high-quality reads were used for further analysis. The sequence data are available from the National Centre for Biotechnology Information Sequence Read Archive under accession no. SRP041856.

Read mapping, genotyping, and annotation of recombination events {#s5}
----------------------------------------------------------------

We used "ReCombine"---a set of programs developed to analyze the meiotic recombination events from whole-genome sequencing and microarray data from yeast tetrads ([@bib4]). Reads were aligned to both the S288c and YJM789 references using ReadAligner program, which uses native bowtie aligner for alignment ([@bib55]). Since, our read length was ∼100 bp and bowtie 1 has limitations in aligning longer reads, each read was broken down into two separate reads of 45 bp each to increase the overall alignment rate. Input parameters for the bowtie aligner in ReadAligner program were also modified to support paired-end alignment. From the alignment, 58,655 SNPs were genotyped. Finally various events such as crossovers, noncrossovers (type 0 gene conversions exhibiting 1:3 or 3:1 segregation of SNP markers), gene conversions not associated with crossovers (type 0, 2, 3, and 4 gene conversions), and crossover-associated gene conversions were detected using the Crossover program ([@bib4]). A 2.5-kb range was set to merge closely placed crossover and noncrossover events. Custom R scripts were written to parse the output files. Plotting was done in R using grammar for graphics 2 (ggplot2) and other base packages. All test statistics were calculated in R (v. 2.15.2, CRAN). The SNP segregation files, data output from the Crossover program, and the custom R scripts are deposited at <http://figshare.com> (<http://dx.doi.org/10.6084/m9.figshare>. 1192705).

Detection of copy-number variation {#s6}
----------------------------------

For each alignment of each segregant, read counts were tabulated for consecutive 5000-bp windows using cn.MOPS ([@bib48]). With the read counts table, segmentation and smoothing was done using default settings in DNAcopy to infer chromosomal copy number ([@bib75]). Allele frequency for each SNP in each segregant was calculated as the number of bases called from the YJM789 allele as a proportion of the total number of bases called.

Interference analysis {#s7}
---------------------

Previous studies have suggested that ∼250 intercrossover distances (genome-wide crossover data from three tetrads) is sufficient to distinguish between strains with wild-type interference and absence of interference ([@bib15]; [@bib4]). We calculated intercrossover distance as the physical distance between consecutive crossovers. These values were converted into genetic distance using the formula: Morgan = 12.07 × 10^6^ × 2/mean crossovers. A 1-cM genetic distance was equivalent to 2.56 kb (wild type), 3.75 kb (*[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*), and 4.8 kb (*[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*). Genetic distances between crossovers were modeled as a gamma distribution. The model parameters (α and β) were fitted by maximum-likelihood method. Estimated parameters were tested for goodness of fit by Kolmogorov--Smirnov statistic tests (*P* \< 0.05) and Bayesian information criterion (BIC).

Results {#s8}
=======

High-resolution genome-wide recombination map in the *msh4--R676W* hypomorph using high-throughput sequencing {#s9}
-------------------------------------------------------------------------------------------------------------

We used the *S. cerevisiae* S288c/YJM789 hybrid to generate a high-resolution genome-wide recombination map in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. The S288c/YJM789 hybrid has a spore viability of 84%, recombination parameters are similar to the SK1 and S288c strains, and crossovers display interference ([@bib97]; [@bib15]; [@bib62]). The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph was previously identified in the SK1 strain background ([@bib71]) ([Figure S1](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FigureS1.pdf)). The SK1 [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891) protein sequence is different from S288c at one amino acid and from YJM789 at two amino acid positions. Similarly, the SK1 [Msh5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313) protein sequence shows polymorphisms relative to S288c at four amino acid and YJM789 at 17 amino acid positions. To avoid a possible incompatibility between [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891) and [Msh5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313) due to these polymorphisms, we analyzed the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorphic mutation in an SK1 context in the S288c/YJM789 hybrid. We introduced the SK1 allele of *[MSH5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313)* in the S288c strain-bearing deletion of *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*. SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* alleles were introduced into the YJM789 strain with *[msh5](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002313)Δ* mutation. The SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* alleles were analyzed as heterozygotes over their respective null mutations in the S288c/YJM789 hybrid ([Figure S2](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FigureS2.pdf)). The S288c/YJM789 hybrid with SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* genes showed high spore viability similar to the wild-type cross (84%) ([Table 1](#t1){ref-type="table"}). The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph also showed high spore viability of 76% compared to a *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant, which has 41% viability in the S288c/YJM789 hybrid ([Table 1](#t1){ref-type="table"}). To generate high-resolution genome-wide recombination maps in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants and controls, high-coverage whole-genome sequence data were obtained from a total of 80 of the four viable spore tetrads ([Table 1](#t1){ref-type="table"} and [Table S2](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS2.xlsx)). We selected four viable spore tetrads to analyze how variation in crossover frequencies can be tolerated without affecting chromosome segregation. These include 38 tetrads in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph and 18 tetrads in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*. Among the controls we sequenced 20 tetrads in the S288c/YJM789 hybrid and four tetrads in the S288c/YJM789 hybrid with SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* genes. The sequence data are available from the National Centre for Biotechnology Information Sequence Read Archive under accession no. SRP041856. A total of 58,655 markers were genotyped across the mutant and control strains with a median intermarker interval size of 72 bp ([Figure S3](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FigureS3.pdf)). Plots showing segregation information of SNPs in all 80 tetrads sequenced are in [File S1](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS1.zip). We observed on average 94.4 crossovers in the S288c × YJM789 wild-type strain and 56.8 noncrossovers ([Table 1](#t1){ref-type="table"}). These values are statistically similar to the crossover (90.4, *t*-test, *P* = 0.27) and noncrossover counts (46.0, *t*-test, *P* = 0.05) observed in the [@bib62] study. As discussed previously, these numbers do not account for noncrossovers that occur between two consecutive SNP markers or noncrossovers that had restoration repair in the wild-type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants ([@bib62]). The S288c × YJM789 hybrid with SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* genes had on average 85.7 crossovers and 55.5 noncrossovers ([Table 1](#t1){ref-type="table"}), which is not significantly different from wild type (*t*-test, *P* = 0.22 for crossovers and *P* = 0.88 for noncrossovers). These results suggest SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* genes are functional in the S288c/YJM789 hybrid with a minor reduction in crossover frequency that does not affect spore viability. The minor reduction in crossover frequency may be because of replacement of the S288c and YJM789 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* alleles with the SK1 *[MSH4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* alleles. Crossover and noncrossover counts for each of the 80 tetrads are shown in [Table S3](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS3.xlsx).

###### Spore viability and recombination parameters of the S288c/YJM789 hybrid bearing SK1 *MSH4*/5 or *msh4* mutant alleles

  Genotype                                     *N*   S.V%   Tetrads sequenced   Avg. CO counts ±SD (median)   Avg. NCO counts ±SD (median)
  -------------------------------------------- ----- ------ ------------------- ----------------------------- ------------------------------
  S288c × YJM789                               180   84     20                  94.4 ± 14.6 (95)              56.8 ± 22.6 (55)
  S288c × YJM789 with SK1 *MSH4/MSH5*          209   84     4                   85.7 ± 8.5 (83.5)             55.5 ± 6.9 (50)
  S288c × YJM789 with SK1 *msh4--R676W/MSH5*   239   76     38                  64.2 ± 12.1 (62)              55.2 ± 13.4 (51.5)
  S288c × YJM789 *msh4Δ*                       100   41     18                  49.5 ± 16.7 (47)              69.7 ± 27 (56)

CO, crossover; NCO, noncrossover; *N*, number of tetrads analyzed; SD, standard deviation.

The *msh4--R676W* hypomorph shows a genome-wide decrease in crossing over with high spore viability {#s10}
---------------------------------------------------------------------------------------------------

We analyzed crossover and noncrossover events in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. The average number of crossovers was reduced to 64.2 / meiosis while the noncrossovers were 55.2 / meiosis ([Table 1](#t1){ref-type="table"} and [Figure 1](#fig1){ref-type="fig"}). The reduction in crossovers compared to wild type is statistically significant for the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph (*t*-test, *P* = 4.18 × 10^−9^). Noncrossovers were not statistically different from wild type (*t*-test, *P* = 0.77). These results suggest there is a genome-wide reduction in crossing over in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph while noncrossovers are similar to wild type. Representative crossover and noncrossover distributions along chromosome IV for wild type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph are shown in [Figure 2, A and B](#fig2){ref-type="fig"}. For the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant, average crossovers were reduced to 49.5 / meiosis (*t*-test, *P* = 2.93 × 10^−10^), while noncrossovers (69.7 / meiosis, 56 median) were similar to wild type (*t*-test, *P* = 0.12). The data for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* are consistent with previous analysis of *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* tetrads in the S288c x YJM789 hybrid where crossovers showed a twofold reduction while noncrossovers were unchanged ([@bib15]; [@bib62]; [@bib74]). Collectively these results suggest that in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant, crossovers are reduced on a genome-wide scale while noncrossovers are maintained ([Figure 1](#fig1){ref-type="fig"}). These results suggest that most of the DSBs that cannot be repaired as crossovers in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants are repaired using inter-sister recombination. It is also possible that the restoration/conversion ratio is perturbed in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants in favor of restoration of the SNP markers so that more noncrossovers are not detected.

![Frequencies of crossovers and noncrossovers per meiosis for wild type, *msh4--R676W*, and *msh4Δ*. Box plots show minimum, first quantile, median, third quantile, and maximum count.](399fig1){#fig1}

![Representative meiotic crossover map for wild-type and *msh4--R676W* mutant. A tetrad showing 11 crossovers on chromosome IV in the wild-type (A) compared to 6 in the *msh4--R676W* mutant (B). (C) *msh4--R676W* tetrad with nonexchange chromosome X. S288c and YJM789 SNPs are shown in blue and red, respectively.](399fig2){#fig2}

To study the effects of chromosome size on crossover distribution, average crossover counts per chromosome were plotted as a function of chromosome size for the wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants ([Table S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS4.pdf) and [Figure 3A](#fig3){ref-type="fig"}). Crossover counts were directly proportional to the chromosome size for wild type with an intercept of 0.98 (95% confidence interval: 0.44, 1.5). For the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants crossover counts correlated with chromosome size but with lower intercepts of 0.64 (95% confidence interval: 0.20, 1.1) and 0.59 (95% confidence interval: 0.09, 1.1). Both the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant showed a proportional loss of crossovers from small and large chromosomes ([Figure 3B](#fig3){ref-type="fig"}). These results suggest *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutations result in similar crossover defects on small and large chromosomes, which could increase the probability of nonexchange events for small chromosomes as discussed later. Noncrossover counts for the wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants are also proportional to chromosome size ([Table S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS4.pdf) and [Figure 3C](#fig3){ref-type="fig"}). While overall noncrossover levels were the same, the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant had statistically significant increase in noncrossover levels on some of the chromosomes ([Figure 3D](#fig3){ref-type="fig"}). The noncrossover intercepts for wild type (0.67), *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (0.94) and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (1.3) were greater for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants compared to wild type ([Figure 3C](#fig3){ref-type="fig"}). The greater noncrossover intercepts in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants compared to wild type maybe due to the increase in noncrossovers on some of the chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants ([Figure 3D](#fig3){ref-type="fig"}). Comparison of crossover distribution along the chromosomes showed similar patterns in wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants ([File S2](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS2.pdf) and [Figure S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FigureS4.pdf)). Gene conversion information for wild type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants is shown in [File S3](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS3.pdf).

![Average crossover and noncrossover counts per chromosome for wild type, *msh4--R676W*, and *msh4Δ*. (A and C) Scatter plot of average crossover and noncrossover counts per chromosome against chromosome size for wild type, *msh4--R676W*, and *msh4Δ*. Best fit line is obtained through linear regression analysis. The equations for the best fit lines are: wild type (CO = 0.0000065 × chr. size + 0.98; NCO = 0.0000034 × chr. size + 0.67), *msh4--R676W* (CO = 0.0000045 × chr. size + 0.64; NCO = 0.0000033 × chr. size + 0.94), *msh4Δ* (CO = 0.0000033 × chr. size + 0.59, NCO = 0.0000041 × chr. size + 1.29). (B and D) Bar plot of average crossover and noncrossover counts per chromosome for wild type, *msh4--R676W*, and *msh4Δ*. Chromosomes (*msh4--R676W* and *msh4Δ*) with significant difference (two-tailed *t*-test for difference in mean; *P \< 0.05*) in crossover/noncrossover counts compared to wild type are shown with an asterisk symbol (\*). Chromosomes are ordered according to size from left to right. Error bars are mean ±SE.](399fig3){#fig3}

Crossover reduction is associated with reduced crossover interference in the *msh4--R676W* hypomorph {#s11}
----------------------------------------------------------------------------------------------------

Interference limits crossover number and ensures that crossover events are widely spaced along the chromosome ([@bib68]; [@bib39]; [@bib49]; [@bib92]). Crossover interference was calculated by modeling the inter-crossover distances as a gamma distribution. The gamma distribution is characterized by the shape parameter (γ) and the scale parameter (β). γ = 1 corresponds to no interference, while γ \> 1 indicates positive interference ([@bib4]). Larger values of γ suggest stronger interference making the method suitable for quantitative analysis of interference instead of just indicating presence or loss of interference. To compare interference between wild type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants that make fewer crossovers, inter-crossover distances in physical units were converted into genetic distances (cM) to account for differences in crossover numbers (Materials and Methods). For the wild-type strain the γ value was 1.77 which suggests presence of interference. This value is also comparable to the γ value of 1.96 obtained from analysis of inter-crossover distances for 46 wild-type tetrads ([@bib62]; [@bib4]). γ = 0.95 for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* suggests loss of genetic interference consistent with previous analysis of crossover data at specific loci and genome-wide ([@bib72]; [@bib6]; [@bib15]; [@bib62]). For *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, γ = 1.23 that suggests a moderate loss of interference. The median inter-crossover distances in wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* were 37.6 cM, 30.3 cM and 20 cM respectively consistent with reduction in inter-crossover distances caused by loss of interference ([Figure 4](#fig4){ref-type="fig"}). These differences in inter-crossover distances between *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W vs.* wild type (*P* = 3.33 × 10^−11^); *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W vs. [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (*P* = 7.18 × 10^−10^) and wild type *vs. [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (*P* = 2.2 × 10^−16^) are statistically significant using the Wilcoxon rank-sum test. The reduction in interference with reduced crossovers in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph is consistent with the two pathway model for crossover formation ([@bib92]; [@bib31]). The simultaneous loss of crossovers and interference has mechanistic consequences for the maintenance of crossover assurance in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph (see next section).

![Histogram of intercrossover distances in centimorgans for wild type, *msh4--R676W*, and *msh4Δ*. The vertical lines indicate the median intercrossover distance for wild type, *msh4--R676W*, and *msh4Δ*.](399fig4){#fig4}

Chromatid interference was measured as the ratio of observed and expected two, three and four strand double crossovers events between two adjacent intervals. Chi-square tests show no chromatid interference (*P* \> 0.05 for wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants suggesting no difference between observed and expected counts) ([Table S5](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS5.pdf)). Absence of chromatid interference is also observed for other *zmm* mutants (*[zip1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002693)Δ*, *[zip2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003218)Δ*, *[zip3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000004386)Δ*, *[zip4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001335)Δ*, *[spo16](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001196)Δ*) ([@bib15]).

Nonexchange chromosomes are frequent in the *msh4--R676W* hypomorph {#s12}
-------------------------------------------------------------------

The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph shows genome-wide reduction in crossover number compared to wild type ([Figure 1](#fig1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}, and [Table S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS4.pdf)). However, this mutant has high spore viability compared to *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* ([@bib71]) ([Table 1](#t1){ref-type="table"}). One mechanism by which the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph can maintain such high spore viability is by distributing the remaining crossovers among all 16 chromosomes to ensure one crossover per homolog pair. The presence of an obligatory crossover on every homolog will be sufficient to ensure high spore viability. When we examined the distribution of crossovers on all chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, 42% of the tetrads had at least one (39%) or more (3%) nonexchange chromosomes ([Table S3](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS3.xlsx)). An example of an *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* tetrad with a single nonexchange chromosome is shown in [Figure 2C](#fig2){ref-type="fig"}. In the wild-type strain only two of the 20 tetrads sequenced (10%) had a single nonexchange event consistent with the low number of tetrads with nonexchange chromosomes reported previously for wild-type cells ([@bib15]; [@bib62]). In the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant 72% of the four viable spore tetrads examined had one (39%) or more than one (33%) nonexchange event. Nonexchange chromosomes have been previously observed among the four viable spore tetrads of other *zmm* mutants including the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant ([@bib15]). The percentage of tetrads with more than one nonexchange event (33%) was significantly higher (*P* = 0.003, Fisher's exact test) in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants compared to the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph (3%). Sometimes adjacent crossovers that are closely spaced may be annotated as double noncrossovers inflating the number of nonexchange chromosomes. This problem is more likely to occur in meiotic mutants with reduced or no interference. We inspected each nonexchange chromosome in the wild-type and the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants for ambiguity in the annotation for double crossovers and double noncrossovers and did not find any significant difference in our estimate of nonexchange chromosomes ([Table S6](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS6.pdf)). The nucleotide divergence between the S288c and YJM789 strains might also contribute to a small degree of loss of crossover assurance in the S288c/YJM789 hybrid as fewer E0s are observed in other *S. cerevisiae* strains ([@bib42]; [@bib56]).

To analyze the influence of chromosome size on occurrence of nonexchange chromosomes in the wild-type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant, we determined the percentage of nonexchange events for each chromosome ([Figure 5](#fig5){ref-type="fig"} and [Table S7](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS7.pdf)). Small chromosomes I, III, VI, and IX were observed to have nonexchange events in all three genotypes (wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*). Nonexchange events were observed on medium chromosomes II, V, VIII, X, XI, and XIV only in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*. For large chromosomes IV, VII, XII, XIII, XV, and XVI, nonexchange events occurred only in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*. These observations suggest that minor variations in crossover frequencies are sufficient to produce nonexchange events on small chromosomes. But for medium and large chromosomes, stronger reductions in crossover frequency as observed with the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* genotypes are required. If all chromosomes are equally likely to receive no crossovers, then a quarter of the E0's are expected to be small chromosomes. We observed 30 of the 40 E0's to be small chromosomes and this indicates an overrepresentation of small chromosomes among E0's (*P* = 4.6 × 10^−11^, Binomial test). These results suggest that nonexchange chromosome formation is influenced by chromosome size and small chromosomes are at the greatest risk for loss of crossover assurance when crossover frequencies decrease. Higher frequency of nonexchange events on smaller chromosomes compared to large chromosomes has been observed in other crossover defective mutants and also in human meiosis ([@bib15]; [@bib29]). It is also observed that chromosome I shows a disproportionately high percentage of E0's and the strongest crossover defects in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutant ([Figure 3B](#fig3){ref-type="fig"}, [Figure 5](#fig5){ref-type="fig"}, and [Table S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS4.pdf)). The chromosome I-specific defects observed in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* may be because it is the smallest chromosome and therefore sensitive to loss of crossovers. Chromosome I was also observed to have the highest number of nonexchange events in *zmm* mutants in an earlier study by [@bib15]. Analysis of copy-number variation using read-depth information did not detect aneuploidy in any of the 80 sequenced tetrads (*Materials and Methods*, data not shown).

![Bar plot showing the percentage of nonexchange chromosomes separately for each chromosome. The data are generated from the analysis of 20 wild-type, 38 *msh4--R676W*, and 18 *msh4Δ* tetrads in the S288c/YJM789 hybrid background. Chromosomes are arranged in increasing order of size.](399fig5){#fig5}

To test if the observed number and pattern of nonexchange chromosomes can be predicted from the average crossover counts per chromosome, we modeled the crossover distribution for wild-type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants using a Poisson distribution ([Table 2](#t2){ref-type="table"}). The expected number of E0's (fraction of chromosomes with zero crossover) per tetrad were 0.3, 0.8, and 1.4 for wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆*, respectively ([Table 2](#t2){ref-type="table"}). Nonexchange chromosomes are therefore expected in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* if the reduction in crossovers is associated with loss of interference (the Poisson distribution assumes that the crossover events are independent). We compared the expected and observed E0 counts for wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ*. The observed E0 count per cell in wild type (0.1) is three times lower due to the presence of interference. The observed E0 count per cell in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (0.45) is two times lower due to partial loss of interference. For *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* there is close concordance between the observed E0 per cell (1.2) and the expected E0 (1.4) as crossover distribution is random. These observations suggest convergence between the expected and observed E0s with diminishing interference ([File S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS4.pdf)). The presence of interference decreases the proportion of E0's for the same number of crossovers suggesting a mechanistic role for interference in crossover assurance ([File S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS4.pdf)). Our calculations suggest that in the complete absence of interference, *S. cerevisiae* will require a random distribution of up to 200 crossovers to achieve a 0.98 probability of observing no nonexchange chromosomes ([File S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS4.pdf)). The Poisson model also suggests that the probability of occurrence of nonexchange events in wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* is influenced by chromosome size ([Table 2](#t2){ref-type="table"}) supporting the experimental observations ([Figure 5](#fig5){ref-type="fig"}). Further, the presence of the obligate crossover will also cause the observed E0 frequency to be less than the E0 frequency expected from a random Poisson distribution. We see this trend for the wild type ([Table 2](#t2){ref-type="table"}). But for the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants the observed E0 frequencies are closer to the expected E0 frequency suggesting loss of the obligate crossover. We did a similar analysis by modeling the noncrossover distribution for wild-type and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants using a Poisson distribution ([Table S8](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS8.pdf)). Since noncrossovers do not show interference ([@bib62]), we expect that the observed number of chromosomes without a noncrossover should be close to that predicted from a Poisson distribution. The observed frequency of chromosomes with zero noncrossovers per cell for wild type (1.2), *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (1.1), and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (0.77) was greater than the expected frequency (1.07, 0.89, and 0.55 for wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ,* respectively) ([Table S8](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS8.pdf)). These results suggest that there is no obligate noncrossover in the wild type or *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants. We looked at the distribution of all gene conversion events not associated with crossovers for the exchange and nonexchange chromosomes in wild type, *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* ([Table S9](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS9.pdf)). The nonexchange chromosomes received 75% of the gene conversions compared to chromosomes with a crossover (*P* = 0.02). This observation suggests that crossover-independent recombination interactions are less favored for nonexchange chromosomes. Reduced gene conversion events have been observed previously on nonexchange chromosome III in the *[dmc1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000981)[hed1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000113613)* mutant by [@bib56].

###### Expected poisson probabilities of observing a nonexchange chromosome given the average crossovers per chromosome

  Chromosome                                      Probability of zero crossover in wild type   Probability of zero crossover in *msh4--R676W*   Probability of zero crossover in *msh4Δ*
  ----------------------------------------------- -------------------------------------------- ------------------------------------------------ ------------------------------------------
  I                                               0.11                                         0.19                                             0.44
  II                                              0.00                                         0.01                                             0.03
  III                                             0.03                                         0.10                                             0.09
  IV                                              0.00                                         0.00                                             0.00
  V                                               0.01                                         0.06                                             0.07
  VI                                              0.07                                         0.18                                             0.22
  VII                                             0.00                                         0.00                                             0.02
  VIII                                            0.01                                         0.05                                             0.14
  IX                                              0.05                                         0.13                                             0.12
  X                                               0.00                                         0.02                                             0.04
  XI                                              0.01                                         0.02                                             0.08
  XII                                             0.00                                         0.00                                             0.03
  XIII                                            0.00                                         0.01                                             0.02
  XIV                                             0.00                                         0.01                                             0.06
  XV                                              0.00                                         0.00                                             0.01
  XVI                                             0.00                                         0.01                                             0.01
  Expected frequency of E0 chromosomes per cell   0.30                                         0.80                                             1.39
  Observed frequency of E0 chromosomes per cell   0.1                                          0.45                                             1.2

The probability of nonexchange events are chromosome size dependent. Small chromosomes show higher probability of nonexchange events in wild type while small and medium chromosomes show higher probability of nonexchange events in *msh4--R676W* and *msh4Δ*. The expected Poisson probability of observing no crossover on a chromosome was calculated using the mean number of crossovers observed for that particular chromosome (*λ*) from experimental data and the formula: *P*(*k*) = λ*^k^e*^-^*^λ^*/*k*!. For example, since the mean number of crossovers on chromosome III is 3.4, the expected probability of no crossovers (*k* = 0), is *P*(*k* = 0 \| mean crossover = 3.4) = *e*^−3.4^ = 0.03.

Nonexchange chromosomes are efficiently segregated in the *msh4--R676W* hypomorph {#s13}
---------------------------------------------------------------------------------

Given the large number of E0 chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph we examined how the high spore viability is maintained. We tested the role of specific crossover-independent mechanisms for nonexchange chromosome segregation such as the spindle checkpoint and the contribution of random segregation. Spindle checkpoint proteins [Mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567) and [Mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550) are known to be involved in nonexchange chromosome segregation ([@bib89]; [@bib16]; [@bib54]). [Mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567) causes a metaphase delay in response to inappropriate microtubule attachment. [Mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550) causes a prophase delay in every meiosis to properly align any nonexchange chromosomes to the bipolar spindle ([@bib16]). We deleted *[MAD2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)* and *[MAD3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)* genes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutant background in the S288c/YJM789 hybrid to check whether these proteins contribute to the high spore viability observed in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)Δ* and *[mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)Δ* single mutants have viability of 39 and 83%, respectively ([Table 3](#t3){ref-type="table"} and [Figure S5](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FigureS5.pdf)). Double mutants *[mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)∆ [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)∆ [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆* showed viability of 69 and 38%. When *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)Δ* mutant was analyzed with *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants, the double mutants *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)∆ [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)Δ [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* showed viability of 27 and 10%, respectively. The observed double mutant viability of the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants with *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)Δ* or *[mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)Δ* was not significantly different from the expected viability of the double mutants assuming a multiplicative model for the genetic interaction ([Table 3](#t3){ref-type="table"}; [@bib27]). These results suggest absence of significant negative genetic interaction between the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants and *[mad2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)Δ*, *[mad3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)Δ* mutants. Therefore the spindle checkpoint has only a minor role in the high spore viability of the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, but other crossover-independent mechanisms might still contribute (see *Discussion*).

###### Analysis of genetic interaction of mutations in spindle checkpoint genes (*mad2Δ*, *mad3Δ*) with *msh4* mutants

  Genotype              *N*   Expected viability (%)   Observed viability (%)   *P*-value (*χ*^2^ test)
  --------------------- ----- ------------------------ ------------------------ -------------------------
  Wild type             180                            84                       
  *mad2∆*               140                            39                       
  *msh4∆*               100                            41                       
  *msh4--R676W*         239                            76                       
  *mad2∆ msh4∆*         120   16                       10                       *P* = 0.09
  *mad2∆ msh4--R676W*   140   30                       27                       *P* = 0.49
  *mad3∆*               60                             83                       
  *mad3∆ msh4∆*         60    34                       38                       *P* = 0.76
  *mad3∆ msh4--R676W*   140   63                       69                       *P* = 0.17

All mutants are analyzed in the S288c/YJM789 background. *N* is the number of tetrads analyzed. *P*-values indicate statistical significance of the difference between expected and observed viability of the double-mutant combinations The expected spore viability for the double mutants is calculated as the product of the spore viabilities of the individual single mutants ([@bib27]).

We tested whether random segregation of the nonexchange chromosomes can explain the spore viability observed in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. We calculated the expected four and two spore viability based on E0 numbers for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* assuming random segregation ([Table 4](#t4){ref-type="table"}). For *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* there is no difference between the expected (24%) and observed four viable spore class (24%). For *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* an 11% increase in the observed four viable spore class (54%) compared to the expected (47%) is seen. The difference between the observed four viable spore frequency and expected frequency from random segregation is statistically significant for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (*P* = 0.018, one-sided binomial test). For the two viable spore class, the difference between expected and observed viability for *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* (41 and 20%, respectively) and *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* (30 and 15%, respectively) is twofold, which suggests efficient segregation of the nonexchange chromosomes at MI. It is also possible that the two viable spore class is underpopulated because there are more zero viable spores. Overall these results suggest that crossover-independent mechanisms enhance the fidelity of chromosome segregation in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* hypomorph, significantly more than random segregation.

###### Calculation of estimated four viable and two viable spore tetrads based on E0 counts

                                                                    Wild type   *msh4--R676W*   *msh4Δ*              
  ----------------------------------------------------------------- ----------- --------------- --------- ----- ---- ----
  0                                                                 18          0               22        0     5    0
  1                                                                 2           2               15        15    7    7
  2                                                                 0           0               1         3     4    12
  3                                                                 0           0               0         0     2    14
  Total                                                             20          2               38        18    18   33
  Expected fraction of four viable spore tetrads                    0.91        0.68            0.35                 
  Observed fraction of four viable spore tetrads                    0.63                                             
  Fraction of four viable spore tetrads expected after correction   0.47        0.24                                 
  Observed four viable spore tetrads                                                            54%       24%        
  Fraction of expected two viable spore tetrads                     0.09        0.3             0.41                 
  Observed two viable spore tetrads                                 10%         15%             20%                  

We calculated the expected number of four viable spore tetrads based on the proportion of nonviable tetrads that arise due to mis-segregation of chromosomes. Assuming random segregation of nonexchange chromosomes, if we observe one tetrad with one nonexchange chromosome, we expect there is one other nonviable tetrad (*i.e.*, not four viable spore tetrad). Likewise for one tetrad with two nonexchange chromosomes we expect 2^2^ - 1 = 3 other nonviable tetrads and for one tetrad with three nonexchange chromosomes, one expects 2^3^ - 1 = 7 other non-four viable spore tetrads. We can then estimate the expected number of four viable spore tetrads for each genotype by dividing the observed count of four viable spore tetrads over the total (expected number of nonviable tetrads + observed four viable spore tetrads). After obtaining this expected proportion, we scaled it down by the fraction observed in wild type (0.90 / 0.63) to obtain a corrected estimate. A similar logic is used to calculate the expected number of two viable spore tetrads.

Previous estimates of the efficiency of segregation of nonexchange homeologous/nonhomologous or artificial chromosome pairs in *S. cerevisiae* have ranged from 75 to 90% ([@bib22]; [@bib63]; [@bib36]; [@bib84]; [@bib46]; [@bib16]; [@bib33]; [@bib69]). These disjunction estimates are significantly more than the disjunction efficiency observed in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants. The higher disjunction frequency observed for the nonexchange chromosomes in these studies ([@bib22]; [@bib63]; [@bib36]; [@bib84]; [@bib46]; [@bib16]; [@bib33]; [@bib69]) may be because of the use of a single homeologous/nonhomologous/artificial nonexchange chromosome, which is better segregated by crossover-independent pathways compared to the heterogeneous pool of natural nonexchange chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants ([Figure 5](#fig5){ref-type="fig"}). It is also important to note that recombination interactions involving gene conversions will be absent from the nonhomologous or artificial chromosomes used to study nonexchange chromosome segregation.

Discussion {#s14}
==========

Although the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph makes sufficient crossovers (64/meiosis) to ensure the obligate crossover, crossover assurance was disrupted due to decreased crossover interference. Nonexchange chromosomes are observed in 42% of the meiotic events analyzed. These observations support a mechanistic role for interference in the formation of obligatory crossovers. Genome-wide analysis of crossovers in other meiotic mutants where obligate crossovers are assumed from spore viability or localized measures of crossing over may be necessary to verify any aspect of crossover assurance.

Why is crossover assurance perturbed in the *msh4--R676W* hypomorph? {#s15}
--------------------------------------------------------------------

Wild-type *S. cerevisiae* meiosis is thought to have a mechanism for crossover assurance, which ensures that one crossover per homolog pair will be maintained ([@bib10]; [@bib88]). The presence of crossover assurance is supported by (a) the low frequency of nonexchange chromosomes in wild-type *S. cerevisiae* meiosis ([@bib42]; [@bib15]; [@bib62]; [@bib88]) and (b) the phenomenon of crossover homeostasis that maintains crossover number when DSB levels are reduced ([@bib64]). This study, as well as previous genome-wide crossover mapping studies, suggests that wild-type strains do maintain crossover assurance although nonexchange chromosomes are occasionally seen ([@bib62]). However, in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W*, 42% of the meioses had at least one nonexchange chromosome. Why does crossover assurance not work in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph with 64 crossovers and only 16 chromosomes? One reason is that *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants show significant reduction in crossovers across all chromosomes, making it possible that small chromosomes do not receive an obligate crossover in every meiosis ([Figure 3B](#fig3){ref-type="fig"}). Previous analyses of crossing over at specific loci in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5* hypomorphs as well as *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5Δ* mutants have suggested a chromosome size effect that is different from our results. Crossover defects were observed in these studies to be stronger on the larger chromosomes compared to the small chromosomes ([@bib1]; [@bib92]; [@bib71]). This may be due to the small number of loci analyzed on a few chromosomes and highlights the need to look at crossover defects globally to discern chromosome-specific patterns.

The other reason that contributes to the loss of crossover assurance in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph is the partial loss of interference ([Figure 4](#fig4){ref-type="fig"}). In other organisms with a lower number of total crossovers, the interference observed is much higher, such as in *Drosophila* (γ = ∼4) and mouse (γ = ∼10) ([@bib30]; [@bib12]; [@bib23]), supposedly to ensure the obligate crossover. *S. cerevisiae* (γ = 1.77) has reduced interference compared to these organisms and as a consequence the distribution of crossovers in *S. cerevisiae* is closer to that of a Poisson distribution. The reduced interference may explain why up to 90 crossovers are required to ensure an obligate crossover on every homolog pair for a system with only 16 homolog pairs ([File S4](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/FileS4.pdf)). The presence of occasional nonexchange chromosomes in wild-type strains (this study, [@bib62]) may also be due to the reduced stringency of crossover distribution mechanisms in *S. cerevisiae* compared to other model systems. Any reduction in crossovers through a mutation/ polymorphism or random fluctuation in crossover numbers coupled with the loss of interference therefore results in increased incidence of nonexchange pairs.

The alternate possibility is that [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 has a role in crossover assurance that is compromised in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph. Since the crossover/noncrossover decision is made before the action of ZMM proteins, the proper execution of the crossover decision might require the wild-type activity of the [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 proteins ([@bib41]; [@bib10]; [@bib93]). So in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph the crossovers are not made at the designated sites and hence crossover assurance is perturbed.

How efficiently are natural nonexchange chromosomes segregated in *S. cerevisiae*? {#s16}
----------------------------------------------------------------------------------

Nonexchange chromosomes may be segregated randomly or through mechanisms such as centromere pairing, the spindle checkpoint, or heterochromatin association that facilitate accurate segregation ([@bib57]; [@bib26]; [@bib89]; [@bib46]). Crossover-independent meiotic chromosome segregation has been analyzed previously in *S. cerevisiae*, *Schizosaccharomyces pombe*, and *Drosophila* ([@bib94]; [@bib14]; [@bib22]; [@bib63]; [@bib21]). In *S. cerevisiae*, centromere pairing (mediated by [Zip1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000002693)) is thought to decrease rotational freedom of the homologous kinetochores and ensure that they attach to microtubules from opposite poles ([@bib76]; [@bib54]; [@bib33]; [@bib69]; [@bib73]). The spindle checkpoint is activated in response to improper or unattached kinetochores ([@bib57]; [@bib81]; [@bib58]). Improper spindle-kinetochore attachments are common in case of nonexchange chromosomes. Spindle checkpoint genes *[MAD1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003054)*, *[MAD2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)*, *[MAD3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)* have been shown to facilitate segregation of nonexchange pairs in *S. cerevisiae* or chromosome pairs with crossovers placed far from the centromere ([@bib89]; [@bib16]; [@bib54]). Cell-cycle delays introduced by *[MAD1](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003054)* (metaphase I), *[MAD2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)* (metaphase I), and *[MAD3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)* (prophase I) are thought to provide additional time for chromosome pairs to establish bipolar attachment of spindles to kinetochores ([@bib16]). These backup pathways can mask defects in crossover assurance. Analysis of genetic interactions between the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph and spindle checkpoint genes *[MAD2](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003567)*, *[MAD3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000003550)* suggest that the spindle checkpoint is not critical for proper segregation of the nonexchange homologous chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorphic background, but other mechanisms might still play a role.

For example, the high spore viability of the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph can also be explained by a role for the [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 proteins in nonexchange chromosome segregation, which is distinct from its pro-crossover role. The predicted early roles of [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 proteins in homologous pairing supports such a possibility ([@bib93]). The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph might be proficient in such chromosome segregation functions but not able to execute crossover formation. A possible role for the [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 complex in segregation of nonexchange chromosomes can also explain why the *[mlh3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006085)Δ [mms4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000302)Δ* double mutant make very few crossovers but has good viability ([@bib6]; [@bib13]). These mechanisms need not be mutually exclusive and may all contribute to the efficiency of nonexchange chromosome segregation.

Our study also sheds light on how many nonexchange chromosomes can be efficiently segregated. In the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, only 3% of the meiosis had more than one nonexchange chromosome compared to 33% in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆* mutants. But in none of the cases we found more than three nonexchange chromosomes in a given meiosis ([Table S3](http://www.genetics.org/content/suppl/2014/12/02/genetics.114.172320.DC1/TableS3.xlsx)). These results support the idea that there are limits on how many nonexchange chromosomes can be handled. With four E0's per meiotic cell, the expected four viable spore class from random segregation will be close to 6% (1 of 2^4^ tetrads will contain four viable spores), which may not be observable unless large number of tetrads are analyzed. The presence of multiple nonexchange chromosomes may be the reason crossover-independent pathways cannot improve spore viability in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)Δ* mutants.

Chromosome size and shape have a role in nonexchange chromosome segregation in *Drosophila* ([@bib35]; [@bib38]). In *S. cerevisiae*, analysis of segregation of nonhomologous natural chromosomes and a centromere plasmid showed absence of shape and size bias ([@bib36]). Similar results were observed with the segregation analysis of artificial nonexchange chromosomes that are of comparable or different sizes within a twofold range ([@bib84]). These studies may have failed to detect the effect of chromosome size on segregation of natural nonexchange *S. cerevisiae* chromosomes. Our analysis using *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants indicates that chromosome size might play some role in nonexchange segregation ([Figure 5](#fig5){ref-type="fig"} and [Table 2](#t2){ref-type="table"}). In the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, nonexchange events are mainly restricted to small and medium-sized chromosomes as predicted from the Poisson probabilities of observing a nonexchange chromosome ([Table 2](#t2){ref-type="table"}). Whereas in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆* mutants nonexchange events are found on small, medium, and large chromosomes. We hypothesize that the viability defect found in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)∆* mutants could be due to the presence of nonexchange events on large chromosomes. Crossover-independent mechanisms might be efficient in segregating small and medium-sized nonexchange chromosomes, whereas the process may be less efficient with large chromosomes.

A major challenge in studying achiasmate chromosome segregation mechanisms is that most of the mutants that generate natural nonexchange chromosomes have very poor spore viability. Some exceptions include the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomoprh (this study) or *[mlh3](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000006085)Δ [mms4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000000302)Δ* mutants that show a 6- to 17-fold reduction in crossing over at specific loci ([@bib13]). On the other hand, wild-type cells have high frequencies of crossovers that result in very few achiasmate chromosomes ([@bib43]). Cytological approaches that do not require viable spores are one alternative. We suggest that the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph can be used to study the efficiency of crossover-independent segregation mechanisms as it has a large number of meioses with nonexchange chromosomes and still maintains high spore viability.

To conclude, we used the baker's yeast *Saccharomyces cerevisiae* as a model to study whether the obligate crossover is insulated from variation in crossover numbers. An *S. cerevisiae [msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorphic allele that has crossover defects but maintains good viability was used to experimentally induce variation in crossover numbers. The *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph showed ∼30% genome-wide reduction in crossovers and reduced crossover interference. Statistically significant reduction in crossover numbers was observed on all chromosomes in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants. Crossover assurance was lost in 42% of the meioses in the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph, especially on small and medium-sized chromosomes that were most sensitive to even minor fluctuations in crossover number. Since [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 is part of the ZMM complex, the loss of assurance in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* may also be in part due to the direct role of [Msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)/5 in crossover assurance. The distribution of nonexchange chromosomes observed in *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)* mutants was consistent with predictions based on modeling the crossovers as a Poisson distribution and provides a mechanistic link between interference and the obligate crossover. The high spore viability of the *[msh4](http://www.yeastgenome.org/cgi-bin/locus.fpl?dbid=S000001891)--R676W* hypomorph is maintained by efficient segregation of a limited number of nonexchange chromosomes. Our results suggest that variation in crossover frequencies can disrupt obligate crossover formation without affecting viability. Such nonexchange chromosomes may be more common than previously thought and highlight the need to use genome-wide crossover mapping methods to analyze crossover assurance.
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